Nemo-like kinases define a novel family of serine/threonine kinases that are involved in integrating multiple signaling pathways. They are conserved regulators of Wnt/Wingless pathways, which may coordinate Wnt with TGFb-mediated signaling. Drosophila nemo was identified through its involvement in epithelial planar polarity, a process regulated by a non-canonical Wnt pathway. We have previously found that ectopic expression of Nemo using the Gal4-UAS system resulted in embryonic lethality associated with defects in patterning and head development. In this study we present our analyses of the phenotypes of germline clone-derived embryos. We observe lethality associated with head defects and reduction of programmed cell death and conclude that nmo is an essential gene. We also present data showing that nmo is involved in regulating apoptosis during eye development, based on both loss of function phenotypes and on genetic interactions with the pro-apoptotic gene reaper. Finally, we present genetic data from the adult wing that suggest the activity of ectopically expressed Nemo can be modulated by Jun N-terminal kinase (JNK) signaling. Such an observation supports the model that there is cross-talk between Wnt, TGFb and JNK signaling at multiple stages of development. q
Introduction
Drosophila Nemo (nmo) is a member of a conserved family of protein kinases that have roles in diverse signaling processes during development. Nemo was originally shown to have a role in the epithelial planar cell polarity (EPP) pathway during eye development (Choi and Benzer, 1994) . EPP establishment is regulated by a non-canonical Wnt pathway that leads to activation of the Jun N-terminal kinase (JNK) (reviewed in Mlodzik, 1999; Peifer and Polakis, 2000) . Nemo is proposed to be a part of a kinase cascade composed of the MAPK kinase kinase Tak1 (TGFb-activated kinase) and Nemo-like MAP kinases (reviewed in Martin-Blanco, 2000) . Vertebrate and nematode Tak1 have been shown to activate the kinase activity of Nemo homologs Rocheleau et al., 1999) . Extensively studied in vertebrate cell culture systems, Tak1 was found to participate in many different signaling pathways, including TGFb signaling, apoptosis and the NfkB pathway (Behrens, 2000) . Tak1 has been implicated in the activation of JNK, p38 and Nemo-like kinases (Nlks) (Martin-Blanco, 2000) . Ectopic expression of Drosophila Tak1 (dTak1) was found to trigger JNK-mediated apoptosis in Drosophila embryogenesis and eye development (Mihaly et al., 2001; Takatsu et al., 2000) . Interestingly, a null mutant of dTak1 was recently described and was found to be viable and characterized by defects in the innate immune response modulated by Imd and Rel/NFkB (Vidal et al., 2001) . Whether dTak1 plays a role in activating Drosophila Nemo remains to be determined. The recent findings suggest that in Drosophila another kinase may be responsible for activating Nemo, or may cooperate with dTak1 in a redundant manner.
Numerous studies have demonstrated that Nemo and its homologs play roles in multiple Wnt-dependent processes Ishitani et al., 1999; Verheyen et al., 2001) . Biochemical evidence supporting such roles has come from studies of Lit-1, the Caenorhabditis elegans Nemo homolog, and murine Nlk. These proteins exert an inhibitory effect on the activity of TCF/LEF transcription factors Rocheleau et al., 1999; . TCF forms a complex with b-catenin and regulates transcription in response to canonical Wnt signaling. Phosphorylation by Nemo prevents the b-catenin-TCF complex from binding DNA, and thus leads to an effect on transcriptional activity. Genetic analyses demonstrate a role for lit-1 in cell polarity and cell fate decisions, processes regulated by multiple Wnt pathways Rocheleau et al., 1999) . Similarly, studies using Xenopus embryos implicate Nlk in modulating Wnt-dependent axis formation. In a Xenopus axis formation assay, injection of Nlk mRNA can block axis formation and can rescue the axis duplication induced by b-catenin . Consistent with these findings, genetic and phenotypic analyses in Drosophila support the proposed role for Nemo in multiple Wnt signaling pathways (Verheyen et al., 2001 ). In addition to its role in EPP in the eye, wing and abdomen, we have found that modulating levels of nmo result in phenotypes consistent with its role as a Wnt antagonist. Overexpression of Nemo using the Gal4-UAS system mimics some wg loss of function phenotypes and nmo mutant wing phenotypes are phenocopied by misexpression of wg pathway components in the wing blade.
Nlks have been linked biochemically with several signal transduction pathways, namely those involving Wnt, TGFb, and JNK molecules. In addition to important roles in organismal pattering, these pathways also participate in regulating programmed cell death (PCD) or apoptosis. In numerous tissues, for example in the Drosophila embryo and eye, the final cellular organization depends on the highly regulated process of apoptosis in which extra cells are removed (reviewed in Rusconi et al., 2000) . Both the Wnt and EGF receptor pathways provide important survival signals that inhibit such programmed cell death (reviewed in Bangs and White, 2000) , while activation of the JNK pathway can lead to increased cell death (reviewed in Barr and Bogoyevitch, 2001) . Apoptosis occurs as a result of activation of a caspase (cysteine aspartic acid protease) cascade. The activation of these caspases is regulated by a number of pro-apoptotic genes including the Drosophila genes grim, reaper and head involution defective (hid) (Bangs and White, 2000) . A chromosomal deficiency Df(3L)H99 that removes all three genes was found to block virtually all PCD in embryos (White et al., 1994) . In Drosophila embryos, PCD occurs in the head, nervous system and in a segmented pattern in the epidermis (Abrams et al., 1993) . In wingless and armadillo mutant embryos, dramatic increases in cell death within segments occur, showing that segment polarity gene expression is required for the survival of specific rows of epidermal cells (Pazdera et al., 1998) . Evidence that the phenotypes seen in arm mutants are caused by excess cell death comes from a genetic modifier screen in which mutations in hid were found to rescue the segment polarity defect of a severe arm allele (Cox et al., 2000) . In addition, the H99 deficiency was found to rescue some of the phenotypes associated with a severe wg loss of function mutation. These findings support the proposed link between wgdependent epidermal patterning and cell survival.
In this study we present data that further support the idea that genes involved in regulating patterning also have a role in modulating apoptosis. Through the analysis of phenotypes of germline clones, loss of function alleles and ectopically expressed Nemo we have determined that nmo is an essential gene in Drosophila during embryogenesis, and that Nemo triggers apoptosis, such that loss of function mutations in nmo result in loss of PCD, while ectopic expression causes increased cell death. We also find that nmo plays a role in cell death during eye development, as nmo mutants have additional cells in pupal retinas and heterozygosity for nmo can modulate the apoptotic phenotype resulting from ectopic reaper expression. To investigate the link between Wg and JNK signaling and Nemo function, we examined adult wing phenotypes and found that a subset of Nemo phenotypes in the adult epidermis are very sensitive to dosage of JNK pathway members. All together, our findings support the idea that nmo participates in regulation of PCD and suggest that Nemo may act in part through regulation of the JNK pathway.
Results

nemo is an essential gene
Choi and Benzer (1994) originally described the nmo P allele as a null allele with regard to eye development. Genetic studies using deficiencies uncovering the locus showed that the abnormal eye phenotype did not get more severe in hemizygous animals. In addition, Northern blotting of RNA from homozygous pupae was unable to detect any transcript. Homozygous nmo P flies are viable and display a moderate abnormal eye and a weak wing phenotype, characterized by a change in angle between the wings. Molecular analyses using RT-PCR suggest that nmo P alleles do in fact produce low levels of transcript, suggesting they are not complete null alleles, which may explain their relatively mild phenotype with respect to nmo adk alleles (D. Bessette and E.M.V., unpublished data).
We have described additional alleles of nmo that appear more severe than nmo P , with respect to wing phenotypes, fertility and viability (Verheyen et al., 2001) . The severe alleles are adult semi-lethal and sterile and display moderate wing and eye phenotypes. RNAi analyses suggested that nmo has an embryonic function, but this zygotic role in mutants appears to be compensated for by maternally loaded nmo (Verheyen et al., 2001) . We suspected that maternally loaded nmo may be contributing to the viability and therefore investigated the phenotype of germline clones lacking nmo.
We generated germline clones for nmo loss of function alleles and found that nmo adk1 clones result in embryonic lethality characterized by moderate head defects in 80% of clonal embryos (Fig. 1C) . Similar results were obtained for germline clones of the nmo adk2 allele (data not shown). In addition, the embryos display moderate and variable segmentation defects, including loss of denticle structures (Fig. 1C,D,J ). These phenotypes demonstrate a role for nmo in embryonic patterning. Interestingly, the phenotype involves both loss of denticles and loss of denticle diversity. These are phenotypes associated with excess and reduced wg signaling, respectively (Bejsovec and Martinez, 1991; Noordermeer et al., 1992) . Epidermal patterning involves opposing effects on the transcription of ovo/svb by Wg and EGFR signaling (Payre et al., 1999) . Thus, the defects we observe as a result of modulation of Nemo could also involve an effect on EGFR signaling.
We have previously shown that ectopic expression of Nemo in epidermal cells using the 69B-Gal4 driver also results in embryonic lethality associated with defects in segmentation, dorsal closure and head development (Verheyen et al., 2001) (Fig. 1E,F,K) . In addition, we found that one phenotype associated with injection of ds RNA complementary to nmo was a defect in head involution (Verheyen et al., 2001) . Takatsu et al. (2000) also reported head defects associated with expression of dominant negative dTak1. The similarity in phenotypes between nmo clones and embryos in which Nemo is overexpressed suggests that relative levels of Nemo are important and that modulation either way affects similar processes, although the mechanisms of action may be different.
Nemo induces apoptosis during embryogenesis
Defects in head development have been described for mutations in the pro-apoptotic gene hid, prompting us to examine cell death in both germline clones and in embryos in which Nemo was ectopically expressed (Abbott and Lengyel, 1991) .
We used the vital dye acridine orange (AO) to establish the pattern of cell death in mutant nmo embryos. The pattern of AO staining in wild-type embryos has been well documented (Abrams et al., 1993) (Fig. 2A,B) . Through comparison with wild-type embryos we found that there was reduced cell death as a consequence of inducing germline nmo clones (Fig. 2C,D) . This is particularly noticeable in the head region, where cell death is normally first observed (Bangs and White, 2000) , suggesting that the head defects we observe are the consequence of reduced cell death. The shows severe head defects as well as segmentation abnormalities, including loss of denticle belts (arrow in D) and abnormal denticle patterning (arrow in C). (E,F) An embryo in which ectopic expression of Nemo in epidermal cells using the 69B-Gal4 driver results in severe head malformations and loss of denticle structures and denticle diversity. (G,H) An embryo in which p35 is expressed using 69B-Gal4, resulting in severe head defects, while denticle patterning appears fairly normal. presence of additional cells that would normally be fated to die may perturb normal cell-cell contacts required for proper patterning. We have also examined the ability of ectopic Nemo to induce cell death by ectopically expressing nmo in epidermal cells using the GAL4 line 69B (see Section 4). We observed that 69B . Nemo embryos stained with AO show higher levels of apoptosis throughout the epidermis as compared to wild-type (Fig. 2E,F) .
Caspase-dependent apoptosis can be inhibited by overexpression of the baculoviral inhibitor of apoptosis, p35 (Grether et al., 1995; Hay et al., 1994; White et al., 1996) . We found that ectopic expression of p35 in the Drosophila epidermis using 69B causes severe cuticular phenotypes ( Fig. 1G ,H) as a result of blocked cell death, as was determined by AO staining of embryos ( Fig. 2G ,H) (Hay et al., 1994) . The phenotypes caused by ectopic expression of p35 consistently fell into two classes, referred to as severe and mild in Table 1 . These correspond to the phenotypes shown in Fig. 1G ,H, respectively. We investigated the relationship between Nemo and p35-induced phenotypes by co-expressing them with 69B-Gal4. We found that embryos coexpressing p35 and Nemo were indistinguishable from those expressing p35 alone, indicating that p35 can inhibit Nemo-induced cell death. Further, this result suggests that p35 acts downstream of Nemo in its control of cell death (Table 1) , and was not surprising since Nemo likely acts upstream of caspase activation and thus p35 activity.
Nemo plays a role in apoptosis in the developing eye
Since we found that nmo is required for apoptosis in the embryo, we sought to examine if it plays a similar role during eye development, a tissue in which cell death has been well characterized. We dissected pupal retinae from nmo homozygous mutants at a time point following cell death and final pattern formation, and counted secondary and tertiary pigment cells, the precursors to which undergo apoptosis during normal development. Within a selected region (see Section 4), nmo pupal retinae contained an increased number of secondary/tertiary pigment cells compared to wild-type (Table 2 and Fig. 3A,B) . In all nmo mutant backgrounds, we observed variability in the number of secondary/tertiary pigment cells depending on the shape of the ommatidia. Aberrations in ommatidial shape and orientation in nmo mutants have been described previously (Choi and Benzer, 1994) . In some regions, the ommatidia were square-like and we observed approximately wild-type numbers (14-16) of secondary/tertiary cells. In other regions of the same retina, ommatidia retained a hexagonal-like shape and we observed increased numbers (17-20) of secondary/tertiary pigment cells. The overall average number of secondary/tertiary cells observed in nmo mutants is similar to that observed in irreC-rst 3 and echinus 1 (Table  2) , two mutants with a weak retinal cell death phenotype (Tanenbaum et al., 2000; Wolff and Ready, 1991) . Inhibition of retinal cell death through expression of GMR-p35 (Hay et al., 1994) results in a similar but more severe phenotype (Table 2 and Fig. 3C ). Thus, cell counts establish that nmo alleles display increases in secondary and tertiary pigment cells, suggesting a decrease in cell death consistent with our data from embryos.
To test whether the excess retinal pigment cells observed in nmo adk mutants were due, at least in part, to a decrease in apoptosis, we conducted TUNEL (TdT-mediated fluorescein-dUTP nick end labeling) assays. nmo adk2 pupal retinas appeared to have decreased levels of TUNEL staining at multiple time points compared to wild-type controls (Fig.  3D ,E). Both OregonR and nmo adk2 /TM6B were used as controls and we detected no difference between the two. This observation further supports the notion that nmo mutants result in a block in cell death.
Consistent with a role for nmo in retinal cell death, we observe that a reduction in nmo can rescue the excess cell death caused by ectopic expression of reaper. Expression of Rpr under control of the GMR promoter causes a significant increase in cell death posterior to the morphogenetic furrow, the region corresponding to the area of endogenous nmo expression (Choi and Benzer, 1994; White et al., 1996) . Heterozygosity for nmo adk1 , nmo adk2 , nmo P and nmo j147 visibly rescues the small size of the GMR-rpr mutant eye ( Fig.  4C,D; data not shown). To determine whether this effect was specific to Reaper, we assayed whether heterozygosity for nmo could suppress a reduced eye phenotype induced by expression of GMR-hid (Grether et al., 1995) . We find that nmo can suppress the rough and small eye defect caused by expression of GMR-hid, although the effect is less striking than that seen with GMR-rpr (data not shown). These data a Defects include large anterior holes and compaction of denticle belts (see Fig. 1G ).
b Defects include small holes in the head region and generally normal denticle belts (see Fig. 1H ). support the notion that Nemo is acting to promote cell death normally, and that loss of Nemo leads to reduced cell death in both embryos and retinas. They also support the idea that Nemo is affecting cell death controlled by multiple inputs.
Nemo signaling in the wing may involve JNK signaling
The control of apoptosis in numerous tissues has been linked to modulation of JNK signaling. During Drosophila wing patterning, altering the relative levels of Dpp and Wg signaling can induce JNK-mediated apoptosis (AdachiYamada et al., 1999a) . A genetic link between nmo and JNK was found during Drosophila eye development (Mihaly et al., 2001) . Mutations in both nmo and JNK pathway components were able to suppress the eye polarity defects caused by ectopic expression of dTak1, suggesting that Nemo possibly feeds into the JNK pathway downstream of dTak1. Those findings, in conjunction with the model that Nemo can negatively regulate Wg in certain contexts and may be regulated by TGFb, as is seen for vertebrate Nlk, prompted us to determine whether Nemo and JNK interact in the adult wing. We have previously described the wing phenotypes caused by nmo mutations and ectopic expression of Nemo using the 69B epidermal driver during wing development (Verheyen et al., 2001) . nmo adk mutants develop ectopic vein material emanating from the posterior cross-vein (PCV) and have a wider than normal wing blade. 69B . Nemo flies display a narrow and more pointed wing than wild-type, in addition to having both loss and gain of vein phenotypes (Fig. 5B) . Notably, the PCV is severely reduced, while additional vein material is observed flanking L2 (Table 3 ). The PCV phenotype is very consistent and suggests a connection between TGFb signaling and nmo since modulation of TGFb signaling results in PCV phenotypes, including PCV ablation (Yu et al., 1996; Khalsa et al., 1998; Conley et al., 2000) . Since Adachi-Yamada et al. (1999b) found that modulation of Dpp and Wg levels resulted in ectopic JNK activation, we investigated whether any of the Nemo-induced phenotypes might also be caused by modulation of the levels of Wg and TGFb, and subsequent activation of JNK signaling. We generated 69B . Nemo flies that were heterozygous for mutations in the JNK pathway components basket, Jun-related antigen (Jra) and misshapen (msn).
We examined whether heterozygosity for a chromosomal deficiency (Df(2L)flp147E) that removes the Drosophila JNK, basket, could dominantly modify the 69B . Nemo phenotype (Bohni et al., 1999) . We find that the PCV defect is rescued in this genetic background (Table 3 ). In addition, the wing shape is rescued to a degree. We also obtained similar rescue with the bsk 1 allele, supporting the idea that it is reduction of bsk and not another gene uncovered by the deficiency that is modifying 69B . Nemo (Fig. 5C ). Heterozygosity for Jra and msn both rescue the 69B . Nemo PCV phenotype to a similar extent as was seen with bsk ( Fig.  5D,E ).
An additional observation that supports the interaction between Nemo and JNK signaling is seen in nmo adk homozygotes heterozygous for Df(2L)flp147E. Wings from flies of this genotype are fragile and display apparent defects in epithelial integrity, not normally observed in nmo adk2 (data not shown).
Our genetic analyses suggest that the vein phenotype and wing shape alterations are due to an effect on the balance between TGFb and Wnt signaling and the subsequent activation of JNK signaling that ensues. Whether this effect is due to induction of PCD has yet to be determined. Preliminary studies using the H99 deficiency found that the 69B . Nemo phenotype was not sensitive to the dose of genes contained within H99 (data not shown).
Given the relationship that has been found between Nlks and Tak1 proteins in vertebrates and nematodes, and the fact that both genes can influence apoptosis in Drosophila, we sought to establish whether dTak1 can modulate Nemo activity in the wing. We examined whether expression of a dominant negative dTak1 (UAS-dTak1 DN ) transgene could affect the 69B . Nemo phenotypes (Fig. 5F and Table 3) (Takatsu et al., 2000) . Co-expression of dTak1 DN with 69B . Nemo was able to rescue the loss of the PCV, while enhancing the L2 extra vein phenotype. In addition, the overall shape of the wing appears more normal. 69B . dTak1 DN expression alone has no observable affect on wing development (data not shown). These results support the possibility that Nemo may be regulated by dTak1, at least in some contexts.
Discussion
Nemo is an essential gene in Drosophila
We present data that demonstrate that Nemo is an essen- Fig. 5B ). d PCV is normal except for a small amount of additional vein material emanating from the center and extending parallel to longitudinal veins. e Small vein deltas are seen at the distal tip of L2. f Extra vein material is observed along and anterior to L2 (see Fig. 5 ). g These numbers represent a mixed population, in which half of the wings are from UAS-Nmo/1; 69B/1 flies and the other half are from UAS-Nmo/ Df(2L)flp147E; 69B/1 flies. The ratios of phenotypes were compared to UAS-Nmo/1; 69B/1 phenotypes alone to detect the impact of Df(2L)flp147E.
tial gene in Drosophila that is required for apoptosis during embryogenesis as well as for patterning events. These findings are consistent with Nemo playing a role in modulating cross-talk between multiple signaling pathways. While the head defect is the most obvious manifestation of the nmo mutant phenotype, disruptions in segmentation and denticle belt specification are also observed, supporting the proposed negative regulatory role for Nemo on Wg signaling (Verheyen et al., 2001) . Nemo is conserved across species and its role in various Wnt pathways has been studied. It is speculated to inhibit Wnt-dependent gene expression and play an inhibitory role in morphogenesis. Since Wg signaling has a pro-survival role in many tissues, it is not surprising that Nemo, as a negative regulator of Wg, would induce apoptosis.
Mutation of the C. elegans nmo-like gene lit-1 leads to a maternal-effect embryonic lethal phenotype, suggesting that lit-1 is required for sustained organismal survival (Kaletta et al., 1997) . In addition, lit-1 RNAi which eliminates both maternal and zygotic lit-1 results in embryonic lethality . Recently a targeted disruption of Nlk in mice was described (Kortenjann et al., 2001) . Deletion of this gene was found to have pleiotropic effects that are strongly influenced by the genetic background in which the mutants were studied. In one case, Nlk 2/2 mice died in utero due to uncharacterized causes. In a background in which the Nlk 2/2 mice survived, they were found to be growth retarded, have defects in mesenchymal stem cell differentiation and died in the second month of life. While these data do not establish Nlk to be essential, the fact that in certain genetic backgrounds the animals are inviable strongly suggests that it plays important roles in early development. Our studies of the embryonic lethal phenotype of nmo germline clones in Drosophila and the phenotypes described above all strongly implicate Nlks as being very important regulators of cell growth, patterning and death. It can also be argued that elimination of maternal and zygotic Nemo-like proteins results in organismal demise in all three organisms, albeit not under all conditions.
The finding that Drosophila nmo germline clones are lethal is also significant because it establishes an embryonic loss of function phenotype. The observation that in the embryo both loss of Nemo function and ectopic expression can modulate programmed cell death strongly supports the model in which Nemo normally is involved in promoting apoptosis. This role for Nemo is consistent with the proposed model in which Tak1, the only known activator of vertebrate Nlk, is also able to induce apoptosis. The studies establishing a role for dTak1 in apoptosis have relied on expression of transgenes, which sometimes generate effects that are not physiologically relevant (Mihaly et al., 2001; Takatsu et al., 2000) . While this manuscript was in preparation it was reported that null mutations in dTak1 are viable and only manifest defects in host innate immunity (Vidal et al., 2001 ). This finding was surprising in light of both the effects seen upon ectopic expression of wild-type and mutant forms of dTak1 (Mihaly et al., 2001; Takatsu et al., 2000) , and the biochemical evidence for roles in numerous vertebrate signaling pathways (reviewed in Behrens, 2000) . It is possible that loss of dTak1 can be compensated for by another kinase molecule. The strong evidence from analysis of C. elegans Tak1(mom-4) and lit-1 indicating that these genes function together in modulating Wnt signaling Meneghini et al., 1999; Shin et al., 1999) and our findings that Nemo, like ectopically expressed dTak1, regulates cell death suggest that it is still possible that these genes function in a developmentally important signaling cassette.
Nemo plays a role in activation of apoptosis
During our analysis of the phenotype of germline clones of nmo and ectopic expression of Nemo we determined that Nemo regulates cell death. Ectopic Nemo expression causes apoptosis in the embryonic epidermis as detected by elevated levels of AO staining, especially in the head region. Conversely, germline nmo clones displayed reduced levels of AO staining in the head region. This finding is significant because mutations in other genes involved in controlling apoptosis, such as hid, result in defects in the head.
We have also determined that Nemo plays a role in apoptosis during retinal development, since nmo loss of function alleles contain additional secondary and tertiary pigment cells, which are normally removed through programmed cell death during retinal maturation. The ectopic expression of the pro-apoptotic gene reaper in the developing eye disc results in elevated levels of cell death as evidenced by a severely reduced and abnormal adult eye (White et al., 1996) . Heterozygosity for several alleles of nmo can suppress the phenotype resulting in a larger adult eye. The ability of nmo to suppress the cell death caused by GMR-rpr expression supports the idea that both rpr and nmo are involved in promoting cell death and may act in parallel pathways that converge on regulation of the caspases. Our data strongly implicate Nemo in the modulation of cell death within the retina and are consistent with our observations in the embryo.
As described in Section 1, Nemo proteins have been found to play a role in regulating Wnt signaling. Thus, it is interesting that characterization of segment polarity mutants revealed that both wg and arm mutant embryos have elevated levels of cell death (Klingensmith et al., 1989; Pazdera et al., 1998) . These findings imply that those gene products normally act to inhibit cell death at least during embryogenesis. Further evidence that Wnt signaling in Drosophila acts to promote cell viability comes from a genetic screen in which dominant modifiers of arm were identified (Cox et al., 2000) . In this screen, genes were identified that could rescue the severe arm XP33 embryonic cuticle phenotype. Heterozygosity for hid showed a dominant suppression of aspects of the phenotype, suggesting that at least some of the arm phenotypes are due to excess apoptosis (Cox et al., 2000) . Furthermore, expression of the baculoviral caspase inhibitor p35 in the arm mutant background also rescued the phenotype, establishing that the rescue observed in both cases was due to lowering the amount of apoptosis. These data which imply that Wnt signaling opposes apoptosis, combined with our finding that Nemo promotes apoptosis, suggest a possible mechanism whereby Nemo can promote cell death by inhibiting Wnt signaling.
Recent findings of Freeman and Bienz (2001) , however, conflict with such a model. The authors do not find a role for nmo in regulation of apoptosis during eye development, based on the inability of nmo to modify the ectopic activation of apoptosis by constitutively activated Arm. In the developing eye, Arm was found to have an opposite effect on apoptosis compared to findings in the embryo. Constitutively activated Arm induces apoptosis by mechanisms independent of the levels of endogenous Arm. Arm-induced apoptosis is specifically suppressed by EGFR/MAPK signaling, while resistant to the p35 apoptosis inhibitor. In the developing retina, then, nmo and arm both appear to promote apoptosis, though it appears that they may do so by independent mechanisms.
The role of EGFR/Ras signaling in promoting cell survival during Drosophila eye development (Miller and Cagan, 1998) through the transcriptional repression of hid has been well documented (Bergmann et al., 1998; Kurada and White, 1998) . EGFR signaling also plays an important role in vein promotion during imaginal disc and pupal wing development. It is possible that Nemo exerts a proapoptotic effect through repression of EGFR activity in either eye or wing development. Nemo mutant phenotypes mimic EGFR gain of function phenotypes and nmo adk pupal wings display ectopic rhomboid expression. Rhomboid acts to facilitate EGFR signaling and Nemo can inhibit rhomboid expression, thus by extension Nemo may inhibit EGFR activity in general (Sturtevant et al., 1993; Bang and Kintner, 2000; Verheyen et al., 2001) . Thus, ectopic expression of Nemo could cause cell death through inhibition of the pro-survival role of EGFR.
Nemo and JNK interact during the patterning of the PCV in the wing
During wing patterning, relative levels of Wg and Dpp morphogen gradients are crucial for establishment of correct positional information and cell fate specification within the wing blade (Pages and Kerridge, 2000) . A connection was observed between the relative levels of Wg and Dpp during wing formation and the activation of JNK-mediated apoptosis (Adachi-Yamada et al., 1999a) , such that modulation of Dpp signaling could both inhibit and stimulate programmed cell death. An important aspect of these findings is that JNK signaling does not normally act in the wing, but perturbation in levels of Dpp and Wg triggers its activity. It is possible that Nemo signaling normally also does not modulate JNK activation. However, we find that the reduction in JNK activity presents a sensitized background for nmo adk alleles and we propose that at least a subset of Nemo roles may require JNK signaling. It is important to note that JNK-mediated apoptosis in the wing is specific to Wg and Dpp signaling as mutations in other pathways such as Ras and Raf induce apoptosis through JNK-independent mechanisms (Adachi-Yamada et al., 1999b) . The finding of phenotypic rescue by JNK pathway members of the 69B . Nemo phenotype supports the model in which Nemo is positioned at the intersection of these pathways.
Summary
Previous work has shown that Nemo functions in multiple tissues and has diverse roles in EPP and patterning in the wing, abdomen and during embryogenesis. During these processes it is involved in cross-talk with numerous signaling pathways such as Wnt, TGFb and EGFR. Overall, the results we present in this study expand on our knowledge of Nemo and indicate that Nemo is an essential gene and that its functions include the modulation of programmed cell death.
Experimental procedures
Drosophila handling
Fly cultures and crosses were performed according to standard procedures at 25 8C. In all cases, with the exception of the retina experiments (see below), the w 1118 strain was used as a wild-type control. Fly strains used in the various crosses were as follows: UAS-p35 (Hay et al., 1994) ; CyO, 2x GMR-rpr/ Sco (Kurada and White, 1998 ; provided by K. White); GMR-hid; Df(2L)flp147E (Bohni et al., 1999) ; (Takatsu et al., 2000 ; provided by M. O'Connor); nmo P and nmo j147 (provided by K. Choi). The following stocks were obtained from the Bloomington Drosophila Stock Center: 69B-Gal4 (Brand and Perrimon, 1993) , Df(3L)H99 (White et al., 1994) , msn 
Germline clones
Germline clones were generated from hs FLP/1; ovo D FRT 79/ nmo adk FRT 79 flies following the protocol described in Chou and Perrimon (1992) .
Ectopic expression of UAS transgenes
UAS-Nemo transgenic flies were described in Verheyen et al. (2001) . Similar embryonic phenotypes were obtained by expression of two copies of UAS-Nemo c5-1e with one copy of 69B-Gal4 at 25 8C or one copy of each at 29 8C. Either genotype is referred to as 69B . Nemo in the text. Adult phenotypes were observed with one copy of UAS-Nemo c5-1e and one copy of 69B in flies grown at 25 8C. p35 embryonic phenotypes were obtained with expression of one copy of UAS-p35 and one copy of 69B and are designated by 69B . p35 in the text. Expression of one copy of UASdTak1 with 69B at 25 8C had no effect in a wildtype background (Takatsu et al., 2000) , but when coexpressed with 69B . Nemo resulted in a rescue of wing phenotype in adults.
Genetic interactions
To generate the flies of the genotypes described in Table  3 , the following crosses were carried out: UAS-Nemo c5-1e / CyO; 69B/TM6B £ Jra 1 /CyO. In the next generation all non-balancer flies were selected and their wings were dissected and mounted: UAS-Nemo c5-1e /CyO; 69B/TM6B £ bsk 1 /CyO. In the next generation all non-balancer flies were selected and their wings were dissected and mounted: UASNemo c5-1e /CyO; 69B/TM6B £ msn/TM3. In the next generation all non-balancer flies were selected and their wings were dissected and mounted: UAS-Nemo c5-1e /1; 69B/ 1 £ UAS-dTak1 . In the next generation, flies carrying 69B could be selected based on eye color and any fly with wing abnormalities was scored as UAS-Nemo c5-1e / UAS-dTak1 ; 69B/1. Df(2L)flp147E/1; 69B/ 1 £ UAS-Nemo c5-1e . In the next generation, any fly with wing abnormalities was selected and its phenotype scored. The wings fell into two phenotypic classes, presumably corresponding to the presence or absence of Df(2L)flp147E in the 69B . Nemo background: Df(3L)H99, 69B/ TM3 £ UAS-Nemo c5-1e . In the next generation, any non-TM3 fly would carry H99 and 69B . Nemo.
Wings were dissected from adult flies, washed in 100% EtOH and mounted in Aquatex (BDH).
Cuticle preparations
Embryos were collected for 12-24 h at 25 or 29 8C (where noted) and aged for 30-36 h. Unhatched embryos were collected and analyzed according to protocols described by Wieschaus and Nüsslein-Volhard (1986) .
AO staining
AO staining was carried out as described in Abrams et al. (1993) . The images were viewed with a Zeiss Axioplan 2, and were captured using Northern Eclipse software.
Retinal immunohistochemistry
Pupal retinas were dissected in PBS at 41-42 h after puparium formation (25 8C) and fixed for 30 min in 3% paraformaldehyde. Immunostaining was carried out in PBT (PBS 1 0.1% Triton-X) containing 10% fetal calf serum and mouse antibody N2 7A1 to Armadillo (1:10, Developmental Studies Hybridoma Bank). Anti-mouse IgG conjugated to Alexa Fluor 488 (10 mg/ml; Molecular Probes) was used as a secondary antibody. Fluorescently labeled tissues were mounted in Antifade reagent (SlowFade Light Antifade Kit, Molecular Probes), viewed with Zeiss Axioplan 2 Imaging, and images were captured using Northern Eclipse software.
Cell counts
Cells were counted within selected regions, each defined by a single ommatidium and its six nearest neighbors (i.e. lines were drawn connecting the centers of the six neighboring ommatidia; see Fig. 3 ). Any cell straddling the border of the selected region was counted as one cell. Included in the cell counts were secondary and tertiary pigment cells. At least five different retinae were used in the cell counts for each genotype.
TUNEL assay
Pupal retinas from wild-type (OreR and nmo adk2 /TM6B) and nmo adk2 homozygotes were dissected at 28, 30, and 32 h after puparium formation (25 8C) (n $ 6 retinas at each time point). Retinas were fixed for 30 min in 3% paraformaldehyde, washed three times in PBS, and incubated at 37 8C for 1 h in TUNEL reaction mixture (one part enzyme solution/ nine parts label solution) (In Situ Cell Death Detection Kit, Roche). Samples were washed three times in PBS and mounted in Antifade reagent (SlowFade Light Antifade Kit, Molecular Probes).
